Control of the crystal structure of titanium(IV) oxide by hydrothermal treatment of a titanate nanotube under acidic conditions by Murakami  Naoya et al.
Control of the crystal structure of
titanium(IV) oxide by hydrothermal treatment
of a titanate nanotube under acidic conditions
著者 Murakami  Naoya, Kamai  Taka-aki, Tsubota 
Toshiki, Ohno  Teruhisa
journal or
publication title
CrystEngComm
volume 2010
number 12
page range 532-537
year 2010-02-01
URL http://hdl.handle.net/10228/00006483
doi: info:doi/10.1039/B913586N
CREATED USING THE RSC ARTICLE TEMPLATE (VER. 3.1) - SEE WWW.RSC.ORG/ELECTRONICFILES FOR DETAILS 
ARTICLE TYPE www.rsc.org/xxxxxx  |  XXXXXXXX 
This journal is © The Royal Society of Chemistry [year] Journal Name, [year], [vol], 00–00  |  1 
5 
Control of the crystal structure of titanium(IV) oxide by hydrothermal 
treatment of a titanate nanotube under acidic conditions 
Naoya Murakami, Taka-aki Kamai, Toshiki Tsubota and Teruhisa Ohno* 
Received (in XXX, XXX) Xth XXXXXXXXX 200X, Accepted Xth XXXXXXXXX 200X 
First published on the web Xth XXXXXXXXX 200X 
DOI: 10.1039/b000000x 
Graphical contents entry 
Summary 
Crystal transformation of a titanate nanotube (TNT) into titanium(IV) oxide (TiO2) particles 10 
proceeded under various hydrothermal conditions with an inorganic acid. The contents of the 
crystal structure of TiO2, i.e., anatase, rutile and brookite, and the particle shape were greatly 
influenced by the kind and concentration of inorganic acid, hydrothermal duration and temperature. 
TiO2 particles with larger contents of brookite structure (more than 0.9 of the relative fraction of 
crystal structures) were obtained by 50 h of hydrothermal treatment with 2 mol dm-3 of perchloric 15 
acid at the hydrothermal temperature of 200 °C. 
Introduction 
Crystal structure is one of the most important factors that 
determine fundamental properties of a material. Titanium(IV) 
oxide (TiO2), which has been used as an excellent 20 
semiconductor photocatalyst with advantages of nontoxic, 
chemical satiability, availability and superior redox ability,1,2 
is known to possess three kinds of crystal structure in nature, 
i.e., rutile, anatase and brookite. Photocatalytic reaction over a
semiconductor photocatalyst depends on various physical and 25 
chemical properties, such as photoabsorption, specific surface 
area, crystallinity and hydrophilicity, and most of these 
properties are influenced by crystal structure. The dependence 
of photocatalytic activities on crystal structures has been 
intensively studied by various groups.3-10  Anatase TiO2 is 30 
thought to be a superior photocatalyst to rutile TiO2 due to 
more negative potential of the conduction band, while rutile 
TiO2 shows superior activity for some reactions.3-7  However, 
the photocatalytic property of brookite TiO2 has remained 
ambiguous because of low availability of single-phase 35 
brookite. Since the first report on synthesis of single-phase 
brookite by Kominami et al.,11-13 several groups have reported 
single-phase brookite with characteristic structures.14-18  We 
previously reported a novel method for preparation of single-
phase brookite nanocrystals with a high photocatalytic activity 40 
by hydrothermal treatment of a titanate nanotube (TNT) with 
perchloric acid.19 
TNT has a tubular structure with nanosized inner and outer 
diameters and hundred-nanometer-sized length, and it is 
obtained by a simple soft chemical process.20  Utilizing its 45 
unique geometrical structure and large specific surface area, 
TNT has been applied to various kinds of field, e.g., dye-
sensitized solar cells,21 catalyst supports22,23 and 
photocatalysts.24  Transformation of its shape and crystal 
structure by thermal,25 hydrothermal26,27 and acid 50 
treatments26,28-31 also has been studied, and TiO2 with 
characteristic nanostructures, e.g., nanorods, nanobelts and 
nanofibers,26-29 has been synthesized by these treatments in 
the presence of structure-control reagent. 
Crystal transformation of TiO2 is known to proceed by 55 
rearrangement of TiO6 octahedra and related species, and 
face-sharing and edge-sharing assembly of TiO6 octahedra 
leads to anatase and rutile structures, respectively.32  
Therefore, the surface state of TiO2 and coordination of TiO6 
octahedra during the recrystallization process, which depend 60 
on pH, coordination anion and precursor of TiO2, have a great 
influence on formation of the crystal structure. 
In the present study, TiO2 samples with anatase, rutile and 
brookite phases were prepared by hydrothermal treatment of 
TNT under various acidic conditions (different additive 65 
inorganic acids, hydrothermal durations and temperatures). 
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Experimental 
Sample preparation19 
One gram of TNT powder (TNT-352, Catalysts & 
Chemicals Ind. Co., Ltd.) was dispersed in 50 cm3 of 2 mol 
dm−3 of an acid solution (perchloric acid (HClO4), 5 
hydrochloric acid (HCl), nitric acid (HNO3), and sulfuric acid 
(H2SO4) in a Teflon bottle. After stirring the solution, the 
Teflon bottle was sealed with a stainless-steel jacket and 
heated at 200 °C for 1~50 h in an oven. The supernatant in the 
bottle was removed after this hydrothermal treatment. The 10 
residues were washed with an aqueous NH3 solution (1%) and 
Milli-Q water several times until the ionic conductivity of the 
supernatant was <10 µS cm−2. 
Characterization 
The crystal structures of the TNT or TiO2 powders were 15 
characterized with an X-ray diffractometer (Rigaku, MiniFlex 
II) using Cu Kα radiation (λ = 1.5405 Å). The relative 
fractions of the crystal structures (anatase, rutile and brookite) 
were calculated using the following equation33: 
fi = kiSi/(kASA + kBSB + kRSR),     i = A, B, R, 20 
where kA = 0.886, kR = 1, and kB = 2.721.33  SA, SB and SR are 
the integrated intensities of peaks attributed to anatase (101), 
brookite (121) and rutile (110), respectively. 
The primary particle sizes of anatase (dA(101)), rutile (dR(110)) 
and brookite (dB(121)) were estimated from peaks attributed to 25 
anatase (101), rutile (110) and brookite (121) in XRD patterns 
using the Scherrer equation: 
d = 0.9λ/βcosθΒ, 
where λ is the wavelength of X-rays, β is the full width at half 
maximum and θB is the Bragg angle. The integrated intensities 30 
and full width at half maximum of peaks were estimated by 
fitting the XRD patterns in the range of 22~34° with a 
superposition of five Lorentz functions for peaks attributed to 
brookite (120), anatase (101), brookite (111), rutile (110) and 
brookite (121). For the calculation, the ratio of integrated 35 
intensities of the three peaks attributed to brookite (120), 
(111) and (121) was fixed at 10 : 8 : 9, as determined by 
JCPDS data. 
The specific surface areas of the powders (SBET) were 
determined using a surface area analyzer (Quantachrome, 40 
Autosorb-1) in conjunction with the Brunauer-Emmett-Teller 
(BET) equation. Morphologies of the TNT or TiO2 powders 
were observed using a scanning electron microscope (SEM; 
JEOL, JSM-6701FONO). 
Results and discussion 45 
Crystal structure transformation of TNT into TiO2 by 
hydrothermal treatment 
Hydrothermal treatment of TNT induced crystal 
transformation into TiO2 with three kinds of crystal structure, 
i.e., anatase, rutile and brookite, and the content of these 50 
phases was greatly influenced by the hydrothermal conditions. 
Figure 1 shows XRD patterns of TNT and TiO2 samples 
prepared by hydrothermal treatment with various kinds of 
inorganic acid. The XRD pattern of TNT suggested that the  
 55 
 
Fig. 1 (a) XRD patterns of TNT and TiO2 particles prepared by 5 h of 
hydrothermal treatment of TNT without acid and with 2 mol dm-3 of 
H2SO4, HCl, HNO3 and HClO4 solution.  (b) Enlarged XRD patterns of 
Fig. 1a in the region from 22 to 32°.  T, A, R and B denote the 60 
characteristic peaks assigned to titanate nananotube, anatase, rutile, and 
brookite, respectively. 
TNT sample consisted of H2TinO2n+1, such as H2Ti3O7 and 
H2Ti4O9, and a trace amount of anatase TiO2 (Fig. 1a). 
Hydrothermal treatment of TNT induced disappearance of 65 
peaks attributed to TNT and appearance of peaks attributed to 
TiO2 in the XRD patterns. Although TNT was transformed 
into TiO2 by hydrothermal treatment under all hydrothermal 
conditions, contents of these crystal structures depended on 
the kind of additive acid. TiO2 samples prepared with HClO4, 70 
HNO3 and HCl were composed of anatase, rutile and brookite 
structures, while hydrothermal treatment with H2SO4 and 
without additive acid induced only anatase TiO2 formation. 
These results indicate that the kind of anion was one of 
important factors for controlling crystal structure of TiO2, at 75 
least, of rutile and brookite. 
Figure 2 shows SEM images of TNTs and TiO2 particles 
prepared by hydrothermal treatment in the presence and 
absence of inorganic acid. The TNTs had an aggregated fiber-
like shape with diameters of ca. 10 nm and length of 50 ~ 200  80 
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Fig. 2 SEM images of (a) TNT and (b) TiO2 particles prepared by 5 h of 
hydrothermal treatment of TNT without acid and with 2 mol dm-3 of (c) 
H2SO4, (d) HCl, (e) HNO3 and (f) HClO4 solution. 
nm and few-nanometer-sized particles (Fig. 2a). Tubular 5 
structures with inner diameters of ca. 5 nm were confirmed by 
TEM images in a previous study.19  Without additive acid, 
octahedral-shaped particles with a specific exposed crystal 
face, presumably attributed to the {101} crystal face of 
anatase TiO2 as reported by Amano et al.,34 were mainly 10 
observed (Fig. 2b), while TiO2 particles prepared with H2SO4 
were spherical particles of ca. 10 nm in diameter (Fig. 2c). On 
the other hand, a mixture of rod-like and spherical particles 
was observed in TiO2 prepared with HCl, HNO3 and HClO4, 
but the ratio of rod-like to spherical particles and the sizes of 15 
the two types of particles greatly depended on the kind of 
additive acid. Judging from d values estimated by the Scherrer 
equation, larger rods and smaller spheres were attributed to 
rutile and brookite, respectively. 
Effect of temperature of hydrothermal treatment 20 
Figure 3 shows relative fractions of crystal structures of 
TiO2 particles prepared by 5 h of hydrothermal treatment at 
various temperatures (100, 150 and 200 °C). Hydrothermal 
treatment at temperatures below 200 °C also induced crystal 
transform of TNT into TiO2, which was confirmed by XRD 25 
patterns. The crystal contents of TiO2 showed a similar 
tendency in the case of HClO4 and HNO3; fB increased and fA 
decreased with an increase in hydrothermal temperature, while 
fR remained constant, suggesting that high temperature is a 
preferable condition for formation of brookite phase. However, 30 
fR of TiO2 prepared with HCl at 200 °C showed deviation 
from this tendency. A plausible reason for this is that  
 
Fig. 3 Relative fractions of crystal structures of TiO2 prepared by 5 h of 
hydrothermal treatment with 2 mol dm-3 of (a) HClO4, (b) HNO3 and (c) 35 
HCl solution as a function of hydrothermal temperature. 
hydrothermal treatment in the presence of Cl- at a high 
temperature accelerated crystal transformation to rutile phase 
because rutile is the most thermodynamical stable phase 
among crystal structures of TiO2 and Cl- ion encourages rutile 40 
formation by coordination on TiO6 octahedra and formation of 
a rutile precursor, such as [Ti(OH)aClb(OH2)6-a-b](4-a-b)+.14 
Effect of concentration of acid 
Concentration of additive acid was also an important factor 
for control of crystal structure. Figure 4 shows relative 45 
fractions of crystal structures as a function of concentration of 
acid. Crystal contents showed a similar tendency regardless of 
the kind of acid; fB increased and fA decreased with increase in 
the concentration of acid, while fR remained constant at a low 
value under the condition of a concentration of <0.1 mol dm-3. 50 
When the concentration of an inorganic acid changes, the 
content of the counter anion also changes with change in pH 
value. However, a large difference in relative fractions of 
crystal structures among counter anions was not observed 
except for TiO2 prepared with 2 mol dm-3 of HCl. These 55 
results suggest that anatase phase is predominantly formed by 
hydrothermal treatment of TNT under a weak acidic condition, 
while brookite is the main phase prepared under a strong 
acidic condition. The larger fR of TiO2 prepared with a higher 
concentration of HCl may indicate that Cl- ions induce rutile 60 
formation only under a strong acidic condition. In the 
following section, effects of the anion under strong and weak 
acidic conditions on crystal formation were investigated by 
using sodium salt, because change in the concentration of the 
additive acid simultaneously influences two important 65 
parameters for controlling crystal structure, i.e., pH and anion  
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Fig. 4 Relative fractions of crystal structures of TiO2 prepared by 5 h of 
hydrothermal treatment with (a) HClO4, (b) HNO3 and (c) HCl solution at 
200 °C as a function of concentration of acid. 
concentration. 5 
Effect of anion on crystal formation 
Figure 5 shows relative fractions of crystal structures of 
TiO2 prepared under various conditions. The main crystal 
structure of TiO2 prepared with 2 mol dm-3 of NaClO4 and 
NaCl under a neutral condition was anatase (fA > 0.9) despite 10 
the higher concentration of anions (Fig. 5a and f). This 
suggests that the anion does not work as a control reagent of 
crystal structure, presumably due to weak coordination of the 
anion on the corner of the TiO6 octahedra under weak acidic 
and neutral conditions. On the other hand, hydrothermal 15 
treatment under a strong acidic condition induced formation 
of rutile and brookite phases (Fig. 5b~e), the ratio of them 
being dependent on the kind of anion. The presence of Cl- 
ions induced formation of rutile regardless of the presence of 
ClO4- (Fig. 5c~e), and brookite was mainly formed in the 20 
absence of Cl- at low pH (Fig. 5b). These results indicate that 
coordination of Cl- was stronger than that of ClO4-, resulting 
in predominant formation of a complex consisting of Ti4+ and 
Cl-, such as [Ti(OH)aClb(OH2)6-a-b](4-a-b)+.14  A similar result 
was obtained when the relationship between Cl- and NO3- 25 
instead of ClO4- was examined. 
Effect of duration of hydrothermal treatment 
Content of crystal structures was influenced also by the 
duration of hydrothermal treatment. Figure 6 shows relative 
fractions of crystal structures of TiO2 prepared with HClO4, 30 
HNO3 and HCl as a function of duration of hydrothermal 
treatment. Longer duration of hydrothermal treatment induced 
disappearance of anatase, which existed in the starting TNT,  
 
Fig. 5 Relative fractions of crystal structures of TiO2 prepared by 5 h of 35 
hydrothermal treatment at 200 °C with various kinds of additive: (a) 2 
mol dm-3 of NaClO4, (b) 2 mol dm-3 of HClO4, (c) 2 mol dm-3 of HClO4 
and 2 mol dm-3 of NaCl, (d) 2 mol dm-3 of NaClO4 and 2 mol dm-3 of HCl, 
(e) 2 mol dm-3 of HCl, (f) 2 mol dm-3 of NaCl. 
 40 
Fig. 6 Relative fractions of crystal structures of TiO2 prepared by 
hydrothermal treatment with 2 mol dm-3 of (a) HClO4, (b) HNO3 and (c) 
HCl at 200 °C as a function of duration of hydrothermal treatment. 
due to transformation to another crystal structure. The 
increase in fR after decrease in fB indicates that rutile was 45 
formed from brookite by step reaction. Although dependence 
of the formation rate of brookite phase on the kind of additive 
acid was not observed, fB decreased and fR increased in the 
order Cl- > NO3- > ClO4-, after maximum value of fB. This 
suggests that rate of crystal transformation was influenced by 50 
the kind of anion. 
Figure 7 shows dA(101), dR(110) and dB(121) as a function of 
duration of hydrothermal treatment. Some d values cannot be 
estimated due to the low intensity of peaks in XRD patterns 
for evaluation. The values of dR(110) and dB(121) rapidly 55 
increased until 5 h of hydrothermal treatment and then growth  
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Fig. 7 Primary particle sizes of anatase (dA(101)), brookite (dB(121)) and 
rutile (dR(110)) of TiO2 prepared by hydrothermal treatment with 2 mol dm-
3 of (a) HClO4, (b) HNO3 and (c) HCl at 200 °C as a function of duration 
of hydrothermal treatment. 5 
rate of d showed a saturation tendency. The value of d was 
larger in the order Cl- > NO3- > ClO4-, and this order agreed  
with results of SEM observation shown in Fig. 2d~f. This 
result indicates that the presence of ClO4- anion also 
suppressed crystal growth, while the presence of Cl- anion 10 
promoted crystal growth. 
The mechanism of crystal transformation is summarized in 
Figure 8. A strong acidic condition and high temperature 
induce brookite and rutile formation in the presence of Cl-, 
NO3- and ClO4- ions while SO42- induced anatase formation 15 
even in an acidic condition  On the other hand, a weak acidic 
condition and low temperature induced anatase regardless of 
the kind of anion. These results indicate that kinds of anion 
influenced formation of crystal structure under strong acidic 
condition and high temperature. SO42- and Cl- has been 20 
reported to induce face-sharing and edge-sharing assembly of 
TiO6 octahedra, which leads to formation of anatase and rutile 
structures, respectively.32,35 The reason for larger fB of TiO2 
prepared with NO3- and ClO4- than TiO2 prepared with Cl- 
may be that NO3- and ClO4- induce less formation of edge-25 
sharing assembly of TiO6 due to different coordination on 
TiO6 octahedra, compared to Cl-. 
Hydrothermal treatment of other titanium sources under an 
acidic condition 
Hydrothermal treatment of other titanium sources was also 30 
carried out under an HClO4 condition. Hydrothermal 
treatment of fine particle anatase (ST-01, Ishihara Sangyo Co., 
SBET = 316 m2 g-1, dA(101) = 8 nm) induced no crystal 
transformation but crystal growth (dA(101) = 18 nm), indicating  
 35 
Fig. 8 Schematic image of crystal transformation of TNT into TiO2 with 
anatase, rutile and brookite phases by hydrothermal treatment. 
that brookite TiO2 was formed not by crystal transformation 
from anatase but by formation from a precursor of brookite 
generated by the TNT transformation process under a strong 40 
acidic condition. On the other hand, an appreciable amount of 
brookite phase was formed by using titanium 
tetraisopropoxide as the titanium source (fA = 0.60, fR = 0.10, 
fB = 0.30), though fB was lower than that of TiO2 prepared 
from TNT under the same hydrothermal conditions (5 h of 45 
hydrothermal treatment with 2 mol dm-3 of HClO4 at 200 °C). 
Other groups have reported hydrothermal synthesis of TiO2 
containing brookite phase from titanium(IV) chloride (TiCl4) 
with NaCl and HNO3,14,36 but the largest value of fB in those 
studies was ca. 0.8. These results indicate that titanium source 50 
is also an important factor for hydrothermal synthesis of TiO2 
with large fB. The large fB with use of TNT as a precursor is 
presumably due to arrangement of TiO6 and related assembly 
without fragmentation to the minimum TiO6 unit. Furthermore, 
use of TNT enables recrystallization in the absence of Cl- and 55 
organic material, which might obstruct control of the crystal 
structure. However, fB of TiO2 prepared by hydrothermal 
treatment of different TNT sample, which was obtained by 
different preparation procedure, was ca. 0.5. Therefore, 
structural properties of TNT and trace amount of 60 
contaminance which is remained during preparation procedure 
of TNT, such as sodium ion, may have influence on formation 
of brookite TiO2. 
Conclusion 
Hydrothermal treatment of TNT induced crystal 65 
transformation into TiO2 with different contents of crystal 
structure depending on hydrothermal conditions (kind of 
additive acid, hydrothermal duration, and temperature). 
HClO4, HNO3 and HCl induced crystal transformation of 
brookite and rutile, while only anatase phase was obtained 70 
with H2SO4 and without an additive acid. In order to 
synthesize TiO2 with a higher value of fB by hydrothermal 
treatment of TNT, the following conditions are required: (1) 
high temperature, (2) strong acidic condition, and (3) 
appropriate anion that suppresses transformation from 75 
brookite into rutile phase, such as ClO4- ion. 
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